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ABSTRACT
THE STUDY OF PION ABSORPTION ON
4He AT 355 MEV'/C WITH LADS
(LARGE ACCEPTANCE DETECTOR SYSTEM)
Thomas A. Dooling
Old Dominion University, 1995
Director: Dr. Andreas Klein
The medium and long range part of the nucleon-nucleon interaction can be de
scribed within the framework of pion exchange. In order to understand this fun
damental interaction, it is therefore important to study the interaction of pions
with nucleons and nuclei, which can either be elastic or inelastic scattering or
absorption. Whereas the elastic and inelastic channels can be well described by
different models, our understanding of pion absorption is still rather poor. There
are still a lot of open questions, for instance on the strength of three and more
nucleon absorption and the role of initial and final state interactions. In this thesis
an experiment carried out at the Paul Scherrer Institut (PSI) in Villigen, Switzer
land, to measure the cross section for the ppd final state from pion absorption
on 4He is reported. The experiment was carried out during 1991 using the Large
Acceptance Detector System (LADS) with a beam momentum of 355 MeV/c.
LADS is a detector system which covers almost 4n sr of the solid angle. Due to
the complexity of the detector a Monte Carlo Program based on the CERN code
Geant to simulate the response of the various components was written. To get a
better understanding of the physics involved, different event generators modeled
the various physics processes. The goal of the present treatise is to analyze the

ppd final state and separate the different reactions leading to its formation. The
data analyzed consisted of events from 2H as a calibration tool and events from
4He for this examination. It was found that three different mechanisms could be
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identified which would lead to this state. The first one is the two nucleon ab
sorption with a recoiling spectator deuteron. In the second process, a deuteron
is knocked out of the nucleus by the incoming pion which is then subsequently
absorbed (Initial State Interaction or ISI). In the third reaction, one of the ener
getic outgoing protons from the two nucleon absorption picks up a neutron in a
final state interaction (FSI). The cross sections for these three different processes
were extracted and determined to be 5.6 mb, 4.8 mb and 1.9 mb respectively. The
total integral of the cross section for the ppd final state is 12.3 mb.
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C hapter 1
Introduction
An investigation of pion absorption on light and heavy nuclei was carried out in
1991 at the Paul Sherrer Institute (PSI) using the Large Acceptance Detector
System (LADS). This thesis studies the deuteron final state after pion absorption
on 4He at 355 MeV/c pion lab momentum.

1.1

M esons and th e N uclear force

The nucleus is made up of nucleons, protons and neutrons, which are bound
together by the nuclear force. These are not fundamental particles but composites
of simpler systems. The nucleons are a collection of quarks bound by the strong
force [1] which is mediated by the exchange of a set of virtual gluons. Quantum
Chromodynamics (QCD) is the gauge field theory describing the strong force
among the quarks. This would be a logical starting place for describing the nuclear
force, since nuclear m atter is made out of quarks and gluons. However, despite
the success of QCD, it cannot be used to describe low to medium energy systems
like the nucleus [2]. Work is continuing and it is hoped that eventually the nucleus
as a whole can be explained by QCD.
The nucleus can also be thought of as a collection of protons and neutrons

1
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P a rtic le
P
n
7r+
7T—
7T°

M ass (M e V /c 2)
938.3
939.5
139.6
139.6
135.0

L ifetim e
stable
887 s
2.6 x 10"8 s
2.6 x lO"8 s
8.4 x 10“17 s

Table 1: Table of particle properties

interacting through the exchange of virtual mesons. This is a low energy approxi
mation to QCD and was believed to be the fundamental description of the nucleus
before quarks were discovered. In 1927, Yukawa [3] postulated the existence of a
virtual meson which would mediate the nuclear force. This virtual particle would
have a de Broglie wavelength of approximately the distance between two nucleons,
1.5 fm, giving it a mass of 150 MeV/c2. In 1947, the pion was discovered with a
mass of approximately 140 MeV/c2[4] confirming Yukawa’s prediction.
All of these particles, the nucleons and mesons which are used to describe the
nucleus and nuclear force, have been experimentally verified. Table 1 [5] gives a
listing of some of these particles and their properties.
The pion is a pseudoscalar particle with isospin, T = l. The three projections
in isospin space are connected to the three charge states, positive, neutral and
negative. The short lifetime of the neutral pion is caused by its decay through the
electromagnetic force into two gamma rays. The charged pions can only decay
through the weak interaction and therefore have a much longer lifetime. The pion
is responsible for the long range part of the nuclear force and one can try to use
this meson to describe some features of the N-N potential.
A well known feature of the deuteron is the tensor component of its potential
which leads to the small quadrupole moment in its electric charge distribution.
This tensor component takes the following form,
3

—(cti • r)(cr2 • r) - <Ti • cr2

2
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(1)

N

N

n

N

N

Figure 1: Single pion exchange

N

N

N

n

71

N

Figure 2: Two pion exchange

where <7,- is the spin of the nucleon and r is the distance between the two nucleons.
Calculations of the potential due to single pion exchange reproduce this force,
validating the role of the pion in the nuclear force. Theoretical groups at Bonn [6]
and Paris [7] use this approach together with an expansion in Feynman diagrams
to model the nuclear force. They have been successful in explaining many features
of the two nucleon potential. Fig. (1) and Fig. (2) are examples of how one and
two pion exchange between two nucleons can be represented. These diagrams can
also include terms for two, three and four pion exchanges.
The pion is crucial for understanding the nuclear force. Attempts to calculate
the Feynman diagrams for pion exchanges will require a good understanding of
how the pion interacts with nuclear matter. This facilitates the need for acceler
ators at which pion experiments can, and have been, carried out. Much has been
learned over the past few decades in this area. However, there are still unanswered
questions, especially in the area of pion absorption, which was the motivation for
constructing the LADS detector.

3
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1.2

P ion P h ysics

A brief overview of the present state of knowledge of pion physics will help eluci
date the basic features and point out existing problems in the field. Two processes
central to understanding the general physics are 7r -N scattering and two nucleon
pion absorption.

1.2.1 7T -N S catterin g
The nuclear force is considered to preserve symmetry in isospin space, making
it independent of the charge of the objects involved [7]. The tt-N cross sections
should

thereforebeindependent of the third component of

the isospin configu

ration.

The strengths of the cross sections arecontrolled by the density of final

states for the different isospin configurations.
An analysis of the possible states will give the relative strengths of different
types of scattering [12].

The equations below give the different possible tt-N

configurations, where the square of the Clebsh-Gordon coefficients will give the
relative strength of each state.

k +p > = If, § >

(2)

k+n>= yiH’2>

>

k°p >= viif>2 > - \H % \ >
k°* > =

>

k “p > = \ / l \ b - 5 >

>

k-n > = |§ ,-§ >
There are six possible initial scattering configurations resulting in ten possible
final states.
How do the total cross sections compare for different initial charge states? The
total cross section can be expressed as the square of the matrix element between
an initial and final state of a scattering operator M.

4
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P a rtic le
A++
A+
A0
A“

M ass (M e V /c 2)
1230.0
1231.0
1232.0
1233.0

h
+12

1
2

Table 2: A particle properties

<r « \( ttN \ M \ ttN ) \ 2

(3)

Since the total isospin is conserved and the reaction is independent of t 3 , only two
amplitudes contribute;

( j i J v i i ) « -f.

(4)

(§ M § ) » f t

and the total cross sections for the three possible processes are:
cr(7T+p —►7r+p) « IF3 I2

<r(7r-p -» 7T“p) « \±F3+ f^ il2

(5)

->■ 7r°n) « ||F 3 - F i|2
An analysisof the cross section can be used to extract the 7 T - N
mechanism. Fig.(3)shows the total cross section for 7r-p scattering

scattering
as a function

of pion lab energy. The cross section is dominated by a large peak around 140
MeV, indicating a strong resonance.

1.2.2

A R esonance

This largeresonance inthe 7T-N cross section, the A resonance,

is a shortlived

bound state between the pion and the nucleon, Fig. (4). In thisframework, the
resonance can be treated as a particle with a well defined mass and halflife. The
A comes in four states with the properties listed in Table 2 [5].

5
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JtN TOTAL CROSS SECTIONS

150

100

50

0

±

0

0.2

0.4

0.6

±

0.8 kloj)[GeV/c]

Figure 3: 7r-p scattering as function of pion lab energy. [12]

6
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++

u
u

P

d

d

+

K
u
Figure 4: A formation

The A is a spin 1=3/2, isospin T = 3/2 particle indicating a p-wave resonance.
As a consequence of T = 3/2, F\ in eq. (5) is equal to zero and the relative strengths
of the three scattering states will go as the ratio 9-2-1. Since the A resonance
has a well defined set of quantum numbers, it can be treated as a particle which
participates in nuclear interactions.

1.3

P ion A bsorption

1.3.1

2H A b sorption

A pion cannot be absorbed by an isolated nucleon due to energy and momentum
conservation. Single nucleon absorption is possible in a multi-nucleon system,
although very unlikely due to the large fermi momentum required by the absorbing
nucleon. Therefore, a two nucleon system is the simplest system that can absorb
the pion. The 2H is the only bound two nucleon system and is the logical starting
point to study pion absorption. It has been very useful in determining the basic
features of the two nucleon force. It is a spin triplet 3Si isospin singlet T=0
object. The absence of a T=1 state is related to the fact that there is no bound
di-proton or di-neutron system. The 2H can absorb either a positive or negative
7
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pion resulting in a two proton or two neutron final state. The mass of the pion
is converted into kinetic energy that is carried off by the two nucleons. Fig. (5)
shows the absorption cross section for 2H as a function of the pion lab energy.
Notice the enhancement of the cross section in the region of the A resonance.
A A resonance is formed in the deuteron , followed by an exchange of charge and
momentum with the second nucleon. The absorption goes as a two step process
with one possible process illustrated in Fig. (6).

1.3.2

A bsorption on nuclei w ith A > 2

For nuclei with more than two nucleons, many more channels are possible for
pion absorption; however, the deuteron will still be an important ingredient in
understanding the multi-nucleon pion absorption process. The total absorption
cross section as a function of A is shown in Fig. (7) where it can be seen that
it scales as A0-7, indicating that the absorption goes as the surface area of the
nucleus. This is the result of the fact that the pion reacts so strongly that it
cannot penetrate far into the nucleus. About 50% of the absorption events occur
on quasi-deuteron like objects [10]. These objects have the same quantum numbers
as a deuteron so that absorption on these particular pn pairs is commonly referred
to as quasi-deuteron absorption (QDA).
In addition to T=0 quasi-deuteron states T=1 di-nucleon states are present in
nuclei with A 2. Absorption from these states is estimated to be around 5% to
10% of the T=0 absorption [11]. These states offer a way to look at the nuclear
force which cannot be studied in 2H .

1.3.3

M ultinucleon A bsorption

Instead of only two nucleons, three or even four nucleons can be involved in the
absorption process in nuclei with A >2. One probable mechanism is the repeated
formation of A resonances Fig. (8)

8
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Figure 6: Pion absorption on 2H

W hat is the strength of these processes? This question is an important one to
answer, in order to calculate the strength and behavior of the nuclear force. One
of the reasons for building the LADS detector was to address these questions.

1.3.4

IS I and FSI

Initial state interactions (ISI) and final state interactions (FSI) further complicate
the picture . Reactions, where the pion interacts with nucleons before the absorp
tion takes place are called ISI. In the case of pion absorption on 3He , the observer
will see three energetic protons exiting the system. This will be misidentified as
three nucleon absorption and it has been difficult in the past to separate these
interactions out. The pion can be far off its mass shell after the first collision
causing the kinematical signature to deviate from the free one [13]. The large
solid angle acceptance of LADS will help to distinguish between these channels.
FSI occurs when one of the exiting nucleons scatters off of one of the spectator
nucleons. Again in 3He the observer will see three outgoing protons. In this case,
it may be easier to distinguish this channel, owing to the fact that the scattered
proton will be close to its mass shell [13].

10
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Figure 8: Possible three nucleon absorption .

Figure 9: Initial state interaction.

1.3.5

S p ectato r P articles

Those particles not involved in any of the interactions during the pion absorption
will recoil with the nuclear momentum they possessed at the moment of the reac
tion. This is only a good approximation in the limit of a high momentum pion,
where the time during which the recoil particle could interact with the pion was
minimized.
All processes that occur (ISI, FSI and QDA) can occur with a recoil particle
acting as a pure spectator. This is shown in Fig. (11).
This process will look identical to absorption by the deuteron but will be
distorted due to the momentum of the p n pair which took part in the absorption.

12
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Figure 10: Final state interaction.

Figure 11: QDA absorption with recoiling N.

1.4

P ion absorption on 4H e

1.4.1

P resen t S ta te o f E x perim ents

Several groups in the past have done work on 4He absorption, [15] ,[16],[17], but
it has always posed a considerable problem to isolate ISI and FSI from multi
nucleon absorption states. A more specific problem was found by Adimi [17] in the
momentum distribution of the recoiling deuteron. The deuteron that recoils after
pion absorption has a momentum distribution which is greater than is predicted by
calculations. Adimi suggests it may be an enhancement in the nuclear momentum
distribution of the deuteron.
Perhaps another mechanism is at work which has not been taken into account.
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This is an important issue to resolve since it will affect how estimates for multin
ucleon absorption are made.

1.4.2

Large A cceptance D etecto r S ystem

There is a need for a detector with large acceptance that can measure pion absorp
tion events in coincidence. This is the reason for the Large Acceptance Detector
System or LADS for short. LADS has a geometrical acceptance of 98.5% of 47T.
It uses a combination of plastic scintillators and wire chambers to track particles
and measure their energies. It is hoped that LADS will help clarify the different
reaction channels occurring in pion absorption.

1.5

4H e A bsorption and D eu teron Final States

The object of this thesis is to analyze the ppd final state resulting from pion
absorption on 4He at 355 MeV/c . Three nucleon absorption, ISI, FSI and T=1
absorption can all play a role in generating this final state. In this thesis the ppd
final state will be isolated and then separated into various channels with estimates
for the total and differential cross sections given.

14
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C hapter 2
E xperim ental A pparatus
2.1

PSI

The data for this thesis was collected at the Paul Scherrer Institut (PSI) during
the summer of 1991. PSI is a pion accelerator built in Villigen, Switzerland in
1972. Fig. (12) shows an overall layout of the experimental hall which features the
590 MeV proton cyclotron (area 3) and beam line (xM l). Protons are accelerated
in the cyclotron and hit a Beryllium production target, generating secondary
particles, which are predominantly pions.
After the production target, a series of bending and focusing magnets select
a beam of pions of a given charge and momentum as shown in a diagram of the
beam line in Fig. (13). Table 3 lists the characteristics of the beam line.
A beam of pions, with a narrow momentum spread, will exit the beam line
and enter the detector area (7tM1). The pion beam is directed along the main
axis of the detector, entering an opening on one side, passing through the target
cell and exiting out the downstream opening of the detector. The LADS detector
measures the momentum vector of those particles which took part in the reaction.

15
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Figure 12: PSI area experimental hall.
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Energy Range
Momentum Range
Momentum Acceptance
Minimum Ap/p(%)
Maximum Flux
Total Path Length
Dispersion at Focal Plane
Dispersion Plane
Angular Resolution
Momentum Resolution

50-350 (MeV)
150-450 (MeV/c)
2.9%
< 0.05
3xl07 tt+ /sec
20 (m)
7.0 cm /% A p/p
horizontal
16 mrad FWHM
1.5xlO-3A p/p=400 KeV

Table 3: xM l Channel Characteristics

2.2

Large A cceptance D etecto r System

The Large Acceptance Detector System (LADS) was designed in a joint effort
between Univ. of Basel, Univ. of Karlsruhe, MIT, NMSU, PSI, and the Univ. of
Zagreb.
LADS is a cylindrically shaped detector which covers a large geometrical solid
angle [19]. The main section consists of a set of concentric cylindrical plastic scin
tillators with two wire chambers in the center. There are also two smaller sections
which fit into opposite ends of the main cylinder referred to as the endcaps. These
endcaps increase the geometrical solid angle covered by the detector to 98.5% of
47t . Fig. (14) shows a side cut view of the detector and an end view while Fig.
(15) shows an idealized three dimensional view.
The side of the detector through which the pions enter is referred to as the
upstream while the opposite one is called the downstream side. The cylindrically
shaped target cell is pressurized with the target gas and placed in the center of
the detector, between the end caps, along the beam axis. After a pion interaction,
the ejected particles’ tracks are reconstructed form the wire chambers while the
scintillators provide energy information from the light generated by the charged
particles. Data from the entire detector are collected by NIM and Fastbus elec
tronics and written to data tapes.
18
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Figure 14: LADS detector.

2.3

Scintillating D etectors

The scintillating detectors are used to determine the energies of the outgoing
particles. A charged particle looses energy as it passes through the scintillator
with part of that energy converted into light. The amount of light produced is
proportional to the energy deposited in the scintillator. A phototube is attached

Solid angle acceptance
Energy threshold for protons
Maximum proton energy that can be measured
Energy resolution for an absorption event
Energy resolution for 100 MeV protons
Vertex resolution from two tracks
Angular resolution
Angular resolution for neutrons
Detection efficiency for neutrons

98.5% of 4?r sr
< 20 MeV
> 200 MeV
3-5% (FWHM)
3 MeV (FWHM)
1 mm (FWHM)
< 1°
» 10°
« 35%

Table 4: Specifications of LADS detector
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Figure 15: Three dimensional view of LADS detector.

to one or both ends of the scintillator, by way of a lucite light guide, and measures
the amount of light generated in the scintillator. Signals from the phototubes are
split, with one set of signals discriminated and passed to the TDCs for timing
information and the second set passed to the ADCs to record the energy of the
associated particle.
The scintillating detectors are divided into two regions, the cylinder and the
endcap. This is a 160 cm long cylinder formed of three concentric cylindrical
layers. A thin inner layer is referred to as the A-E region and the two larger
cylinders, the inner and outer cylinder regions.
The second region consists of the endcap detectors. These are two separate
cylindrically shaped detectors which are shorter in length than the main cylinders
and have a smaller diameter. The endcap A-E’s are shaped in the form of thin
plates and are placed in front of the endcaps, covering both the inner and outer
endcaps. The endcaps are inserted into each end of the cylinder region to increase
the solid angle coverage of the whole detector.
20
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Light Output (per Anthracene)
Density
Refractive Index
Pulse Width FWHM
Rise Time
Decay Time
Light Attenuation Length

64
1.032 gr/cm3
1.58
2.5 ns
0.9 ns
2.1 ns
380cm

Table 5: BC408 properties

Both the endcaps and cylinders are made out of Bicron BC-408[31] scintillator
material. It was chosen for its low cost, and good neutron detection efficiency of
up to 40% Table 5.

2.3.1

C ylinder

The main region consists of 3 concentric cylinders, the A-E, inner , and outer
cylinder. Each cylinder is made of 28 trapezoidal sections. The A-E region pro
vides timing and energy loss information for the particles. The A-E sections are
thin, 0.45 mm, and have a Hamamatsu R1355 photo tube attached to each end.
The inner radius of the A-E region is 30 cm. The time when the particle enters
the detector can be reconstructed from the average of the up and down stream
TDC signals. The A-E’s are used to determine the type of particle that enters
the detector. Two particles of different mass but equal energy will travel at differ
ent speeds and the faster particle will deposit less energy in the A-E. When this
information from the A-E is plotted against the total energy of the particle, then
the particle type can be determined.
The rest of the cylinder region is formed by two thick cylindrically shaped
arrays. They have Hammatsu 1250 5” phototubes on each end of the scintillator.
The inner cylinder has a radius of 30.2 cm. Each of its scintillator elements is
matched to an element of the A-E region and is 20 cm thick. The outer cylinder
has the same arrangement as the inner cylinder with 15 cm thick elements. Each
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E-block sector is wrapped in two 25 fim layers of aluminum foil to increase the
light collection efficiency. A single layer of 25 /zm mylar is placed between the
counters to prevent cold welding of the aluminum wrappings due to the tight
packing of all the elements. A layer of mylar foil is also wrapped around the inner
E-blocks and A-E to provide the thinner A-E counters with more support in their
center and prevent them from sagging.
All three cylindrical regions are packed together into a system of three con
centric cylinders. Two steal bands are wrapped tightly around the light guides
forming a rigid, self supporting structure. The scintillators are slightly smaller in
dimension than the light guides, allowing for a small air gap between the blocks
necessary for internal reflection of the light.
The light generated by a particle is proportional to its energy. The light seen
by a phototube at either end of an E-block will be,

L d = L 0 x e ^ r1
Lu = L0 x e ^ r ~
where, L d is the light seen downstream, L u is the light seen upstream, L 0 is
the light created and A is the attenuation constant of the scintillator material, I
is the length of the scintillator and x is the position where the light was created.
If the amount of light detected at each end is multiplied together and the
square root is taken, then

\J L d x L u = C x L 0

(7)

where C is an calibration constant. This gives a position independent estimate
of the light generated by the particle. The measured time of flight of the particle
also has to be corrected for the position of the track. The TDC measurement

T D C U( upstream), T D C d(downstream) are given as,
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TDCu

=

T O F + (x) X C scint

^

TDCd = T O F + (£ —x) x csd nt

with cscint being the speed of light in the scintillator. The time of flight T O F
can be written as,

TOF

=

( T D C U + T D C d)/2 + o f f s e t

(9)

where o f f s e t is a calibration constant. The energy resolution of the detector
is less than 10 MeV FWHM for charged particles.
Neutral particles provide a special problem since they cannot directly interact
with the electrons in the material. The neutrons have to undergo a nuclear inter
action in the plastic, knocking out a proton which is then detected. The chance
of an interaction in the thin A-E is very small, less than 0.5% compared to 40%
in the E-blocks. A neutral event would then be characterized by an E-block hit
with no light in the corresponding A-E counter. The energy of the neutron must
be determined from an analysis of the final states of the other particles or through
time of flight. The overall neutron efficiency is around 40% for the detector.

2.3.2

E ndcaps

There are two endcap sections, one for the upstream and the other for the down
stream side of the detector. Each endcap is formed by an inner and outer region.
Phototubes are mounted only on one side of the scintillators with the free end of
the scintillators pointed towards the target. The A-E’s for the endcaps cover the
front faces, extending over the inner and outer region. Light guides for the A-E’s
are mounted along the sides of the inner endcap detectors.
The inner cylinder of the upstream endcap has an inner radius of 8.8 cm and
an outer radius of 16.8 cm. Its outer cylinder has an inner radius of 16.8 cm and
an outer radius of 25.8 cm. Both cylinders are 30 cm long. The inner upstream
endcap region will stop the most backward scattered particles. The downstream
23
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endcaps are identical to the upstream ones but are 10 cm longer. This additional
length is needed to allow for greater stopping power since the downstream end
will detect more energetic particles. A series of veto counters are placed along the
inside of the inner endcap cylinders to veto events that enter the endcap E-blocks
but did not pass through the the A-E region.
Each set of endcap elements is mounted and bound to a central steel tube
which is cantilevered on a carriage th at can be used to insert and remove the
endcap.

2.4

M ultiw ire Proportional Cham bers

The scintillators provide particle identification and energy measurement, but they
can only give limited geometrical information. Time of flight differences between
the two photo tubes can locate the particle to within 10 cm along the length of
the sector. With 28 sectors, the azimuthal angle <j> can be measured to within
13 degrees. For more accurate measurements of <f> and the scattering angle 0,
two cylindrical concentric, multiwire proportional chambers are inserted inside
the main cylinder.
Their radii are given as 12.8 cm for the inner chamber and 56 cm for the outer
respectively. The inner one is 90 cm long, the outer is 160 cm long. The thin space
in the chamber is filled with a gas that is ionized by the charged particles. Two
hits, one in each chamber, gives the two points needed to determine the particle
track. They are built out of two concentric cylindrical shells of Rohacell, a strong
lightweight material. The gas mix used is composed of 49.9% Ar and 49.9% ethane
with a small amount of Freon added to help quench the overproduction of stripped
electrons. There is an 8 mm space between the two shells for the outer chamber
and a 6 mm space for the inner chamber. In the space, inside the chamber, are
anode wires which run along the entire length of the chamber. They are made
from gold plated tungsten-rhenium and tensioned with a force of 0.6 newtons.
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MWPC Specifications
Radius
Number of wires
Wire spacing
Number of cathode strips
Cathode strip width
Cathode spacing
Strip angles (inner, outer plane)
Anode-cathode gap
Anode HV

Inner MWPC
6.4 cm
192
2.094 mm
384
2.7 mm
0.6 mm
34.25° ,41.19°
3 mm
« +2350 V

Outer MWPC
28.0 cm
832
2.114 mm
560
3.8 mm
0.6 mm
45.86° ,44.21°
4 mm
« +2800 V

Table 6: MWPC specifications

On the inside of each Rohacell shell, is a 50 /im layer of kapton foil coated
with a 20 /zm layer of aluminum. This aluminum plane has lines etched into it,
leaving long aluminum cathode strips on the kapton foil. The cathode strips make
a spiral pattern on each Rohacell drum with an angle of 45° to the beam axis.
The spiral pattern on one chamber wall will rotate in the opposite direction to the
cathode strips of the opposite wall. The crossing of these opposing spirals help to
locate the position of the particle.
When a particle passes through the chamber, electrons and positive ions are
created. The electrons are accelerated towards the anode, producing an avalanche
effect while ions migrate towards the cathode plane. The electrons are collected
at the anode wire where they generate a pulse. From the wire readout, one can
reconstruct the <f>angle. The cathode strips are used to measure the direction along
the axis of the chamber. When the anode pulse discharges, a second electrical
pulse is induced on the cathode strips. Since the strips on the inner and outer
Rohacell drum rotate in opposite directions, there will be a point in which two
strips overlap. By reading those strips that produce a signal, the overlap position
can be determined and hence the z position along the detector can be calculated.
If a particle passes through both the inner and outer chamber, both scattering
angles 6, and <t>, can be determined.
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Figure 16: Space variables.

High voltage is maintained on the chamber by a Heinzinger HV power supply
with a negative ground. The total current in the chamber was around 1 mA
without beam and between 5 and 20 mA with the beam on the target. The target
gas was flushed at a rate of 20-30 ml/min.
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Figure 17: Events from material in beam.

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

2.5

Target

The target has a cylindrical shape with a hemispherical cap at each end and is
shown in, Fig. (18). The dimensions are 4 cm in diameter and 25 cm in length.
The target wall is a 0.5 mm thick carbon epoxy compound coated with a thin layer
of 0.03 mm copper silver alloy which was built by Dornier Ltd., Friedrichshafen
[33]. The carbon epoxy structure gives the target its strength while the alloy seals
the surface. It is rated for a maximum operating pressure of 100 bar for 4He .
Five layers of carbon fiber are alternately wound in the azimuthal and lon
gitudinal directions and are then glued with an epoxy resin, giving the target a
wall thickness of 0.52 mm. Where the spherical cap is attached to the cylinder,
the walls are slightly thicker. On one end of the target, two 3 mm stainless steel
filling tubes are mounted to the the target and are then connected the gas han
dling system. A support ring is placed on each side of the target with support
wires going through the rings through the center of the detector. The wires are
mounted outside the detector and allow for the adjustment of the position of the
target at the center of the detector. The target gases used were 2H , 3He , 4He ,
N, Ar and Xe at pressures between 29 and 100 bars.

Epoxy
Carbon Fiber
Copper

Rings for target support wires

Figure 18: Gas target.
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2.6

D ata A cquisition

2.6.1

B eam Logic

The pion beam coming from the beam line, has a halo which is larger than the
target. A series of detectors are placed in the beam to cut away this halo and
define the beam spot to be smaller than the target. A set of logical decisions
are placed on these counters to produce the logical signal BEAM. BEAM will
determine if an event is considered to be a valid event and is counted by a scaler
for later normalization of the data.
Three detectors are placed directly in the beam line, the first one being a
64 element hodoscope, located at the intermediate dispersed focus. A single or
adjacent double hit is required for a valid event. After the hodoscope, the beam
is intercepted by the timing scintillator ST. It covers the pion beam but the halo
particles, such as muons or protons, are excluded. It is 10 cm in diameter and
3 mm thick. The signal from ST is passed through two discriminators with a
lower and upper threshold. The lower threshold will pass pions while rejecting
muons and electrons. The upper threshold is inverted so that signals above the
pion pulse height for double pion or single proton events will be rejected. Just
upstream of ST is the wall. It is a 20 cm thick lead wall covered on both sides with
scintillators. The hole in the veto wall is smaller than ST. In this way particles
that do not pass through ST are stopped from entering the detector. Signals from
the veto wall can be used offline for beam quality analysis, but are not required
for the trigger.
Slow neutron events can last up to 50 ns, so events are rejected if there is a
particle in the beam 60 ns before or after a valid event. Just before the target,
a small scintillator is placed to define the beam spot to be half the size of the
target, two cm in diameter. Fig. (19) shows the logic diagram and the resulting
nim signals for the logic decisions.
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2.6.2

W ire Chambers

The anode wires are read out by the LeCroy PCOS-III system. It has a three
component system which produce a bit pattern that records which wires have
been hit by a particle.
The first part consists of the LeCroy 2735 16 ch amplifier/discriminator cards.
The LeCroy 2731 32 ch receiver modules are delay and latch modules which delay
pulses coming from the 2735 modules and latch onto those pulses occurring within
a gate determined by the trigger electronics. All modules are in camac crates, with
each crate having a LeCroy 2738 PCOS Controller.
The cathode signals after being amplified are delayed and passed to the LRS
2280 ADC in fastbus crates.

2.6.3

P lastic D etecto rs

The PMT signals from the scintillators are split with one setofsignals passed to
the ADC’s and the second set discriminated and fed to the TDC’s.Programmable
logic boxes (PLB) are used to determine if a particular sector has a charged or
a neutral particle hit. Neutral particles occur when there are signals from an Eblock but no signal from the corresponding A-E counter. A PLB300 determines
the particle type, charged or neutral, while a PLB301 calculates the frequency of
the particle type. Standard NIM logic is used to determine the type of event or
the event trigger. The event triggers give the number of charge and neutral hits
that occur. There are seven different configurations chosen for this experiment.
• IcOn one charge, no neutral
• lcln one charge, one neutral
• lc2n one charge > two neutral
• Ocln no charge, one neutral
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• 2c0n two charge no neutral
• 2cln two charge > one neutral
• 3con three charge > zero neutral
One of these triggers is required in coincidence with a BEAM trigger for the
event to be recorded. Each trigger is pre-scaled and has its own dead time.
Finally the camac and fastbus crates are read out and stored in an Aleph
Event Builder which then transfers the data to a MicroVAX.

2.7

A nalyzer

Ladybird is the program used to analyze the data from tape and was written by
the Univ. of Basel and MIT. It carries out different levels of data reduction and
analysis. Ladybird will take the raw data and convert them into a momentum
vector for each particle detected. The reconstructed information is analyzed fur
ther using PAW (Physics Analysis Work stations)[35] which is a CERN program
for manipulation data.

2.7.1

P article R eco n struction

First the analyzer determines how many particles are detected and if they are
charged or neutral. This is done in a similar fashion to the decisions made by
the PLB300 modules, but in a more sophisticated way. In the cylinder region a
particle is charged if the corresponding A-E counter registered a hit. An endcap
E-block is covered by two A-E’s, so a particle is labelled as charged if either
A-E records a hit. A particle is neutral if there is a hit in an E-block but no
corresponding A-E has fired.
After this assignment of particle types has been made, special cases are taken
into account. If there is a neutral particle hit in a sector adjacent to one with
charged particle, then that neutral hit is discarded and assumed to be the product
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of a hadronic interaction in the charged particle sector. This is due to the fact that
the probability for a charged particle and neutral particle coming out collinear
is very low when coupled, with the low neutron detection efficiency. Another
situation occurs when an energetic particle punches through the endcap region
and enters the cylinder. In this way one chaxged particle is misidentified as two
charged ones.
Once the analyzer has determined the number of particles and their charges,
it goes on to determine their particle identification, energy, and scattering angles
and store these quantities in an array associated with each particle.

2.7.2

T rajecto ry R econstruction

The scattering angles of the charged particles are measured by the wire chambers.
The analyzer calculates the scattering angles of the particles from the hit infor
mation on the anode and cathode planes of each chamber. After the angles are
reconstructed, they are then associated with the particle’s software arrays.
The position where a particle passes through the wire chambers must first be
determined. The hit positions on the outer chamber are associated with particles
found in the E-blocks, and finally the particles seen in the inner chamber are
associated with hits in the outer chamber and the E-blocks.
The cathode ADC and the hit positions from the anode wires are searched for
clusters of signals. First, peaks are found on both cathode planes by searching
the ADC channels for signals above some software threshold. A charged particle
typically has a cluster of four cathode strips. The strength of the ADC signal
on each strip is fitted to estimate the centroid of the signal. There is no ADC
information for the anodes, but there are a cluster of wire hits caused by the
charged particle. The centroids on both cathode planes are compared to the
clusters positions from the anodes and the closest match is found. A centroid
from one cathode plane is matched to a centroid from the second plane and this
will give an estimate for the z position and the azimuthal angle, 4>- The <j> angle
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estimate are used to match the two centroids with the anode clusters. Those two
centroids that give a <j> angle with the closest match to an anode cluster position
are then identified as coming from the same particle.
The hit positions in the outer chamber are compared with hits on the cylinder
A-E blocks. The inner chamber associates a hit by comparing its <t> angle to
the inner chamber <j> angle. In the case of an endcap hit, there may be no outer
chamber information. Then the outer chamber <j>angle and z position is compared
with the endcap A-E position.
Now the particles scattering angle and vertex position can be calculated. If
there are two particles, each having two wire chamber hits, then a track for each
one can be reconstructed and the vertex position calculated. If only one particle
has two hits, then the point of closest approach between the track and the beam
line is used to calculate the vertex. If the second particle has just one wire chamber
hit, then that hit position and the estimated vertex position is used to calculate
the second particles track. The scattering angle 9 and the azimuthal angle <f>can
be measured to within 0.6°.

2.8

C alibration

The values of the ADC’s are related to the energy deposited, while the values of the
TDC’s are proportional to the time it took a particle to reach the corresponding
detector element. Therefore, the detector must be calibrated so that the ADC
and TDC values can be converted into physical variables, such as light, time of
flight and angular position. This calibration is done by analyzing the data from a
target whose energy and TOF signatures are exactly known. This is true for 2H
because its two particle final state is completely determined.
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2.8.1

W ire Chambers

The wire chambers measure the position of the particle hits in the chamber. With
two chambers present, the track of a particle is completely defined. If both tracks
are measured for the two proton final state from z d —►p p , then the energy of each
particle can be exactly determined. The energy calculated from the reconstructed
wire chamber tracks is used to calibrate the detector.
Fig. (20) displays the histograms for the case of two charged particles entering
the detector for 2H . Fig. (20)(a) shows the scattering angle 6 of particle one
versus particle two. Near the center of the plot, a strong narrow band can be
seen which stems from pion absorption. Below this a large smeared out band
is present, coming from 7r-p scattering. In Fig. (20)(b) the azimuthal angle ((f))
of particle one is plotted against particle two. Again, a narrow band is present
which is populated by absorption events. If only two particles are involved in
the reaction, their tracks lie in a plane which intersects the beam line having an
opening angle in <f>of 180°.
Narrow cuts can be placed on the data around these two distributions to isolate
the two proton final state. The results of these cuts are shown in Fig. (21). A
small spot is visible in the upper region of the right hand plot.
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Figure 20: (a)Scattering angle 1 vs. scattering angle 2 for 2H and (b) azimuthal
angle 1 vs. azimuthal angle 2
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Figure 21: (a)Scattering angle 1 vs. scattering angle 2 for 2H and (b) azimuthal
angle 1 vs. azimuthal angle 2, after cut on scattering angle
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2.8.2

C alib ratio n M ethod

The photo tubes on the end of each scintillator measure the amount of light
deposited by the particles. The ADCs measure the total area of this pulse where
the TDCs give the time of the pulse arrival. The area of the pulse is proportional
to the amount of light generated. The calibration formulae convert the values
from these modules into light created and time of flight arrival (TOF) by making
a linear transformation of the form,

lig ht =

m

A D C

x A D C -f

bA D C

T O F = rriTDC x T D C -t- bxDC
where (m) and (6) are scaling and offset calibration factors. The TDC’s are
clocks which do not need to be scaled, i.e m=1.0, but will get a non-zero offset so
that time is measured relative to the trigger BEAM. The ADC’s, after pedestal
subtraction, will have a zero offset, but are scaled by a factor of approximately
0.3 for the E-blocks and 0.05 for the A-E counters.

2.8.3

Fine calibration

There is a small non-linear effect seen in the measured light for a given event type
after the initial calibration. The source of this non-linearity is not completely
understood, but most likely originates in the ADC modules. Fig. (22) shows a
plot for the calculated light versus the measured light in the outer cylinder region
for a single proton. There is a slight quadratic curve present in the distribution,
which is corrected by a second order polynomial.

2.8.4

P article energy

The light a particle generates is proportional to the energy it deposits in the
scintillator. When a particle is stopped, saturation effects produce a non-linear
behavior. Also, charged particles lose some of their energy after passing through
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Figure 22: Measured light vs. calculated light in outer cylinder.

all the material between the reaction vertex and the detector. Ladybird takes
the light produced by the particle and reconstructs the amount of energy lost
by the particle before it enters the scintillator. This is done by using an energy
loss calculation which estimates how much energy a given particle would lose in
each element of the detector. It also corrects for the saturation effects mentioned.
After this is done, the energy of the particle is determined and recorded in an
array which stores all the information for that particle.
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2.9
2.9.1

Particle Identification (P ID )
A-E vs. E

For most particles the A-E vs.E method will identify the particle. In this case, the
light deposited by a particle in the thin A-E counter is plotted against the total
light deposited by the particle in the detector. This ratio is unique for different
particles over a range of energies. A pion makes a different A E vs. E curve than
a proton. Fig. (23)(a) shows a A-E vs. E curve for events from 4He. Three curves
are present, the lowest stems from the pion, the middle from the protons and the
weak upper curve from deuterons. When the data are analyzed, cuts are placed
around these curves and used by the analyzer to determine the types of particles
seen in the detector.

2.9.2

T im e of Flight (TO F) vs. E

Low energy particles are stopped in the A-E counter and require TOF information
to separate the particle types. At these energies a resolvable difference occurs
between TOF for particles of similar energies but different mass. Fig. (23)(b)
shows the TOF vs. total light for 4He. At the lower energies the two curves can
be resolved. The analyzer uses cuts on the TOF to tag the particle type and hence
calculate the particle energy based on its TOF.
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Particle Identification
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C hapter 3
M onte Carlo
3.1

LA DS detector sim ulation

The LADS Monte Carlo program is a Fortran program that simulates pion absorp
tion and the response of the detector to the outgoing particles. When analyzing
the data, different models are used to simulate pion absorption on various nuclei.
In order to compare the model with data, it is necessary to simulate the detector
response. This includes the geometrical acceptance, threshold on particle energy,
the energy resolution and reaction loss. In this way, estimates for the distribu
tions from simulated absorption events can be compared with data collected by
the LADS detector.
The Monte Carlo program is comprised of two main sections. The first section
models the geometry and materials of the detector by use of the Geant package
of subroutines. The second part, written by the user, simulates the momentum
vector distribution of the particles exiting the nucleus.

3.1.1

GEANT

GEANT [34] is the name given to a package of subroutines written by CERN. It
is a large comprehensive package used for simulating the geometry and material
response of a detector system. It is part of a larger group of packages referred to
42
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as the CERN library.
There are certain types of routines in GEANT that are used the most often.
First the geometry of the detector and its composition are defined. This is done
through a special user interface subroutine. GEANT allows each detector com
ponent, i.e. wire chambers, wire chamber gas, plastic scintillators, to have their
shapes and positions defined. Also the material properties of each detector, such
as chemical compositions and densities, are defined.
The user then passes the initial momentum vector of each event to Geant for
tracking. Geant takes each particle and moves it in small steps. After each step,
the energy lost by the particle, interactions with other particles, nuclear collisions,
and multiple scattering are calculated. The particle is then moved another step.
Geant uses energy loss and cross section tables to determine the probability of
different types of interactions. The particle is tracked until it exits or is stopped
inside the detector. The user can examine quantities like energy loss or secondary
particle production at the end of each step. In this way, quantities observed in
the real detector can be simulated by the Monte Carlo.
The energy loss and cross section tables are the central part of GEANT. They
are produced during the initialization phase for each defined material.
As a particle is tracked through the detector, the probability of an interac
tion is calculated based on the cross section for a variety of physical process.
Cross section tables for many processes are generated and include pair produc
tion, compton scattering, elastic and inelastic hadronic collisions. If the particle
interacts, GEANT will calculate the momentum vectors of any secondary par
ticles. The distribution of the new momentum vectors is determined from the
differential scattering cross sections. All charged particles lose energy through
electromagnetic processes and Gaussian distributions are used to simulate multi
ple scattering.
GEANT attem pts to include all physical processes that may occur. It is re
liable from 10.0 keV to 10.0 TeV for electromagnetic processes. For hadronic
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Figure 24: Flow chart of LADS Monte Carlo.

collisions, however, it may not be completely correct suggesting that GEANT
may have difficulties describing reaction losses. Reaction losses occur when par
ticles have elastic or inelastic hadronic collisions. These processes make particles
lose energy without generating light in the scintillators. This leads to a loss in
the measured energy which affects the final determination of the cross section.
It is important to estimate the amount of these losses and how this changes the
distributions. This will be discussed more when deuteron absorption is examined.

3.1.2

LADS M onte Carlo

In Fig.

(24) a flow chart of the Monte Carlo illustrates how the detector is

simulated.
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First, the detector shape and materials are defined. Next, events are simulated
by an event generator and passed to Geant. Geant tracks the particles through
the detector. At the end of each step, the energy loss of the particle is recorded in
each detector element. The energy loss is converted into light inside the plastics
while tracks are reconstructed from the hit position in the wire chambers. For
each particle, energy losses in the E- and A-E blocks are recorded. The angular
distribution of the particles is calculated from the wire chamber positions.
From this information, PID curves, energy loss and angular distributions can
be reproduced by the Monte Carlo. However, the accuracy of the reproduction is
an important question. It can be assumed that the geometry of the detector is
correct. The energy loss methods are sophisticated and will be shown to accurately
reproduce the energy losses.

3.2

M om entum D istributions

The momentum distribution for the deuteron, in the 4He nucleus, was calculated
using the method given in reference [36]. The calculation requires a subroutine
that can provide the wave function for a deuteron and the 4He nucleus. These
subroutines were provided by [37] and their construction is explained in [36].
The calculation of the deuteron momentum distribution is done for the case of
a two deuteron state in the 4He nucleus. First, the amplitude for the probability
of the 4He nucleus in a two deuteron state, having a relative momentum k is
calculated.

Add{mdi,md2,k) =

\j

N dN dN 4

J

dr^

d r ^d r ^ d i { m d i ^ u ) ^ d 2 { m d2,v3A)etk'{R3A~Rl2)^ 4

(11)

This amplitude is evaluated for deuterons with spin projections m di, m d2 . The
factor \/3 is an antisymmetrization factor. N d and N 4 are normalization factors
45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

for the deuteron wave function 'I'd and the 4He wave function ^ 4 . R 42 and f?3 4
are the CM vectors for the nucleon pairs forming the deuterons while r i 2 and r 3 4
are the relative position vectors between the two nucleons. Expanding the plane
wave in Bessel functions gives,

A dd( m d u m d2, k ) = ^ ( - i ) lA l£ ( m di , m d2,k ) Y i m ( k )

(12)

l,m

where,

A dd( m d u m d2, k ) =

\j NdNdN4^ I drirfr2dr3c/r4^di(m<il’ ri2)^d2(m<i2,r34)y ;;(p )j((^ )^ 4

(13)

with p the relative position vector between the two deuteron CM system. The
spin of the 4He nucleus is equal to the sum of the spins and relative angular
momentum of the

two deuterons .

P ~ R 34 ~ R 12

(14)

£ + Sdi + S d2 = S4

(15)

m = m 4 — m di —m d2

(16)

Parity and angular momentum conservation demand that I equal zero or two,
leaving m to take on integer values between —i and +(. For any given value of £
the values of A dd are related to each other by Clebsh Gordon coefficients.

A dd{ m dl, m d2, k ) cc< lmdilm d2|Om4 >

A ^ u { m d1, m d2, k)

oc<

(17)

l m d i l m ^ ^ d ! + m d2) > < 2 { m di + m d2) 2 m \ 0 m 4 > (18)
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In this way only two terms have to be integrated,

and ^ 2 , all other values

can be calculated from the above equations. The probability distribution for the
deuterons to have relative momentum of k, is found by summing the square of all
the amplitudes and integrating over all directions of k.

Ndd(k) = j ~

I d n k \Add{Tndi m d2 , k } \ 2

(19)

The integration can be carried out to get,

Ndd(k) =

\Add{mdi,md2,k}\2

(20 )

m di ,m dj,l,m

Finally, if the probability distribution is integrated over k, the total number
of dd states in the 4He nucleus can be determined.

N M {*He) = j ^ J

4trk2N dd( k ) d k

(21)

There are two integrals to be calculated, one for the i = 0 state and one for
the I — 2 state. The two integrals are evaluated using the Metropolis method
of numerical integration [38]. Below is the integral of a function multiplied by a
weight W. The Metropolis method then gives the integral as the average of the
function over a large number of positions multiplied by the integral of the weight.

/(*,*) =

J

W (R )X (t,k,R )d R

I ( t , k ) = H im y £

X (t,k,R i)} [ W (R )d R

L i=UL

(22 )

(23)

J

Given any integral, the function can be divided and multiplied by some weight
ing function G and the integral in eq. (24) can then be evaluated using the
Metropolis method. Using the fact that the weight function is straight forward to
integrate, one has to calculate the ratio of the function to the weight function for
a chosen set of coordinates. This is done repeatedly until the statistical error of
the solution has reached the desired value. The problem of integration has now
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been reduced to the task of sampling this space for a sufficient number of coor
dinates. The points chosen for the summation are determined by the weighting
function. Given any point, a random step is taken to a new point. If the ratio
between the new and the old value of the weight function is greater than one,
this point is accepted. If that ratio is less than one, a random number is thrown
again. In the case that the random number is smaller than this ratio, this point is
accepted, otherwise it will be rejected. In this way the summation chooses most of
its sample points where the weighting function is largest in value. For this reason,
it is necessary to find a weighting function that closely resembles the shape of the
function to be integrated.

7(2, k) =

J

J

F {t,k,R )d R =

=<&

;w

1I C{R)dR

(24)

In our case, F is the overlap between the deuteron wave functions, the Bessel
functions and the 4He wave function.

F = ^ di ( m d u r n )^d2{m d2,r34)Ylm
m (p ) j i { k p ) ^ 4

(25)

A good weighting function in this case is one that has an exponential shape in
regards to the internucleon separation. This weight function was used to determine
the normalization constants Nj and N4 and in calculating the two amplitudes.

G(R) = exp ( - a £ ( r ? - ) )
i<j

(26)

The momentum distribution for the two deuteron state was calculated and Fig.
(25) shows the shape of the probability distribution compared to an experimental
measurement by [42]. The probability is largest at zero MeV/c and rapidly drops
at higher momentum. The agreement with experiment justifies the use of this
distribution. The total number of dd states in the nucleus is calculated to be 0.85.
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This momentum distribution was used in the QDA recoil model for the Monte
Carlo program.

3.3

Generators

Event generators are subroutines that produce a final particle state based on
some model of pion absorption. In general, simple models are used to simulate
the production of the final state and mimic the physics based on kinematics and
empirical data. Although there are many ways to simulate the final state, in
general most generators share two features. First, a state is prepared by randomly
picking a point in the allowed phase space for this process. If the reaction matrix
elements were independent of the all kinematic variables, then the distribution of
final states would follow random phase space. Next, a determination is made if this
state can be accepted. This is based on a probability determined by the generator.
The resulting distribution follows phase space modified by the additional physics.
Fig. (26) shows the general algorithm for producing an event. First, a ran
dom point in phase space is generated and probability for this point is extracted
from a distribution function. A random number is thrown and if this number is
greater than the probability calculated a new event will be thrown, otherwise it
is accepted.

3.3.1

2H

2H is the most extensively studied target in pion absorption. A parameterized
equation has been proposed by Ritchie [20] to describe pion absorption on the
deuteron based on world data.
The differential cross section can be expressed as,

da

%,

a nPn(^osQcm)

(27)

Ueven
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Figure 25: Nuclear momentum distribution for dd state in 4He .
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Figure 26: Flow chart of Monte Carlo event generator.

where the P n are Legendre polynomials. The values of a n are determined
from experimental data and are parameterized for energies up to one GeV. The
total cross section is given by,

a — 27ra0

(28)

The parameterized values of a n are then used to calculate the total and dif
ferential cross section at any pion energy used by LADS. This equation yields the
total and differential cross sections as a function of pion energy. Fig. (27) shows
the simulated proton tracks through the detector for pion absorption on 2H .
Fig. (28) shows three different scattering angle distributions for a two proton
final state after pion absorption on 2H. The dotted line shows phase space for two
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I—I

Figure 27: Side view of LADS with two proton tracks.

protons with a total energy of 240 MeV. The solid line gives the Ritchie differential
cross section as a function of scattering angle for the same two protons. Finally,
the dashed line shows the differential cross section when both distributions are
folded together This is the distribution which should be seen by LADS.
One way to get a feeling for the simulation of the data is to compare the total
light (sumlight) deposited in the detector by the two protons to the total light
simulated by the Monte Carlo. Fig. (29) shows a comparison of the sumlight peak
for two protons resulting from pion absorption on 2H. The solid line represents
the data, while the dashed line represents the Monte Carlo.
The Monte Carlo is very successful at simulating the energy loss seen in the
detector and reproducing the acceptance. However, when the tail is integrated
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Figure 28: 2H proton scattering angle distribution. (Dotted line): phase space,
(dashed line): Ritchie with phase space, (solid line): Ritchie distribution without
phase space.

from 0 to 300 MeV, there is a difference in the relative area where the Monte
Carlo underpredicts the data by 5%. For this reason, the Monte Carlo will not be
used to correct for reaction losses. There can also be problems in how the Monte
Carlo simulates the response of the wire chambers, or the TOF measurements.
Furthermore, the corrections to the cut losses are model dependent. They depend
on how well the simulations reproduce the data. In this light, it would be best to
use the Monte Carlo for acceptance corrections that are caused by the thresholds
and geometry of the detector. Losses in the data due to reaction losses in PID,
cuts on the data and other effects are best determined from the data themselves.
However, there may be times when an estimate of these losses cannot be made
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Figure 29: Sumlight for data and Monte Carlo for deuteron

from the data and, in this case, the Monte Carlo provides the only estimate
possible.

3.3.2

4He

4He is a more complicated case than 2H , having four nucleons instead of only
two. Two nucleon absorption in conjunction with ISI and FSI may be identified
as three or four nucleon absorption. There is a scarcity of theoretical calculations
available for these different cases. Simple generators, however, can be written to
simulate the general behavior. This way it might be possible to identify special
channels. In the introduction it was shown that QDA forms the major mechanism
in pion absorption. A major generator for 4He will therefore be a combination of
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the deuteron absorption model and more complicated processes.
Consider the specific case of a ppd final state. A simple model assumes that
the two protons were involved in the absorption while the deuteron recoils with
its nuclear momentum. This generator has two parts. The first must simulate
deuteron - like absorption, while the second generates deuterons with the momen
tum distribution they would have inside nucleus. Such a model has three steps in
total. First, a point in phase space is found for the three-particle system. Next, a
subroutine determines the probability that a deuteron has the momentum gener
ated in the first step. In the final step, the Ritchie distribution is used to calculate
the probability of the two protons having this distribution in phase space.
Fig. (30) shows two separate distributions for the deuteron . The dotted line
shows the phase space for the deuteron while the solid line shows the phase space
distribution folded in with the momentum distribution.

3.4

IN C calculations

Intra Nuclear Cascade (INC) calculations were carried out [26] to predict the dis
tributions for the ppd final state. In particular, p n pickup reactions were modeled.
These pick up reactions form deuterons with momenta much higher than for the
simple recoil models.
The INC program models step by step what happens to the pion as it interacts
with the nucleus. It takes into account known cross sections and momentum
distributions present in the nucleus. The hope is that the many body processes
that occur in the nucleus will be adequately reproduced. It is these many body
processes that make a more profound calculation difficult.
First the INC program must set up a nucleus for the pion to react with. The
nucleus is modeled as a collection of protons and neutrons which interact with
each other through realistic nuclear potentials. The initial nucleus has the correct
binding energy with each nucleon having some momentum. The nucleons move
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Figure 30: Deuteron momentum distributions for ppd final state. (Solid line):
Nuclear momentum distribution, (dotted line): phase space

around according to the equation of motion,
dPi
= Fi
dt

(29)

with the momenta calculated non-relativistically.
The pion is then tracked through the nucleus, in which the pion and the
nucleons are moved about in discrete time steps. The distance of the pion from
each nucleon is calculated at the end of each step. Then, this distance is compared
to the estimated maximum distance the pion can interact with a nucleon. This is
calculated by using the maximum tt- N total cross section.

^max —TtR

(30)
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If the distance is greater than R , the pion continues to move through the
nucleus. If the distance is less than R , the probability of the pion interacting with
the nucleus is calculated from measured cross sections for different channels. The
pion can be absorbed, scattered or undergo charge exchange while the nucleons
continue to interact with each other. All pion absorption occur through a twonucleon absorption mechanism.
In the present work, only events resulting in a ppd final state are saved. In
a file, the momentum vector of each particle is stored in addition to information
about how the state was formed. The deuteron can be formed in many ways.
A pn pair not involved in the absorption may remain in a bound state after the
break up of the system. An outgoing nucleon may pick up one of the recoiling
neutrons or the pion may first scatter off a nucleon which then picks up another to
form the deuteron. These different processes can be tagged and have distributions
examined separately for better comparison with the experimental data.
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C hapter 4
D ata A nalysis
4.1

N orm alized D istributions

The final goal of the data analysis is to produce normalized distributions of mea
sured quantities. These include, among others, momentum and scattering angle
distributions, which is used to interpret the data. In the following sections, two
targets will be discussed. 2H and 4He . In the case of 2H , the pp final state is
extracted, while in the case of 4He the ppd final state is discussed.

4.2

G eneral C onditions For an Event

There are a general set of conditions which is imposed on all data being analyzed.
These are used to insure that the tracks reconstructed come from inside the target
and are the result of pion absorption on nuclei in the target gas.
Each particle detected must have a wire chamber hit associated and at least one
track must have a hit in the inner and outer wire chamber simultaneously. If two
tracks both have two chamber hits, their vertex can be completely reconstructed
to within 1.0 mm.
The target thickness is determined by making a linear cut of 20.4 cm along
the target axis for all events from the target. Several runs were taken with an
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empty target cell to correct for events which may have occurred in the walls. In
addition to this, a cut is also placed on the beam counter’s ADC and TDC values,
which eliminates those events in which a muon, proton, or two pions have passed
the hardware beam trigger. These cuts, Fig. (31), reduce the total number of
particles in the beam and hence change the normalization.
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Figure 31: Beam ADC and TDC with cuts (b) and without cuts (a).
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4.3

2H Final State

One method of identifying the pp final state is to look for events with two charged
particles which have been identified as protons by PID. The second method in
volves making a cut on the total light generated by two particles, as in chapter
two. The third makes use of the angular relationship between the two particle
tracks by placing narrow cuts on the wire chambers. This last method has the
advantage of relying solely on the wire chambers and will be used to discuss a
problem with determining the particle energies in the endcaps.
The total light deposited in the cylinders is plotted in Fig. (32). A tail can be
seen which stems from the energy lost through nuclear interactions of the protons
with the scintillator material.
In Fig. (33) the total light deposited in the endcap is shown which again
displays a prominent tail. However, this is not due to nuclear interactions alone,
but also to the fact that the downstream protons are so energetic that they punch
out of the detector.
Because of this, the energy information is lost and the PID curve will be altered
and can no longer be used. This can be corrected for by using the wire chamber
information in the case of 2H . For 4He this presents a problem since three particle
final state is no longer defined kinematically by track information alone.

4.4

4H e Final State

The ppd final state from pion absorption on 4He must be separated from other
possible channels. This state can be divided further according to the kinematics
of the outgoing particles. Each is called an Event Type Condition (ETC) and
is labelled 1 through 4 for each ETC. For ETC l, the two protons are seen in
the cylinder region with the remaining deuteron undetected. For ETC2, the two
protons are again seen in the cylinder but now the deuteron is also detected in
the cylinder. For ETC3, the protons are seen by the cylinder and the deuteron by
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Figure 32: Sumlight in cylinder after wire chamber cuts for 2H(%+,pp).

the endcap. For ETC4, only one proton and a deuteron are seen in the cylinder.
The techniques used for isolating each ETC will be different, being determined by
the unique geometry of the event.
• ETC l, twoprotons in cylinder only, no deuteron seen
• ETC2, twoprotons in cylinder, deuteron seen in cylinder
• ETC3, twoprotons in cylinder, deuteron seen in endcap
• ETC4, oneproton in cylinder and one deuteron in cylinder, second proton
is not seen.
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Figure 33: Sumlight in endcap and cylinder after wirechamber cuts 2H (ir +,pp).

4.4.1

pp

cylinder only

In this case, two protons are detected in the cylinder region. Since the total
momentum of the system is known, the total energy and momentum of the un
detected particles can be calculated. If the two protons are the result of a pion
absorption, then the remaining particles are a proton and neutron, in either a
bound deuteron state or an unbound free state. The rest mass can be calculated
from the energy and momentum of the undetected particle. If the unseen particle
is a deuteron then its reconstructed missing mass is close to that of a deuteron.
In the case of an unbound proton and neutron, their relative energy shifts the
missing mass away from the main deuteron peak. However, protons and neutrons
which recoil with their fermi momentum often carry little kinetic energy. As a
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result, the calculated missing mass may not be shifted far enough away to be
resolved by the detector and the deuteron missing mass will still contain recoiling

pn states in the peak.
A comparison of the deuteron , missing mass, calculated from the two protons
for 4He , and the deuteron reconstructed mass, calculated from the two protons
for 2H will help estimate the relative fraction of pn states. The reconstructed mass
from 2H uses the 4He mass for the absorbing nucleus in the reconstructed mass
calculation. This guarantees that the reconstructed mass is at the mass of the
deuteron . The 2H reconstructed mass is also shifted by 25 MeV to compensate
for the binding energy of the 4He nucleus. Fig. (34) shows the mass for the two
proton final state in 2H and the missing mass when two protons are detected from
4He . The peaks occur in the region of the deuteron mass at 1876 MeV. When
comparing the two peaks there appears to be a small enhancement in the reaction
loss tail, but the two main peaks have identical shapes.
To determine the shape of the missing mass distribution for the case of the
unbound p n system, a Monte Carlo simulation was run and the results are shown in
Fig. (35) compared with the reconstructed mass from 2H . The missing mass peak
for the p n final state, dotted line, is clearly shifted to the right of the deuteron
peak. However, the resolution is not good enough to completely separate the
two peaks, and therefore some contamination is expected in a missing mass cut.
Predictions from the Monte Carlo shown in Fig. (35) indicate th at even a small
contamination from pn pairs would shift the missing mass to the right of the
deuteron peak. Based on this, the contamination from pn final states is estimated
to be less than 1% and a cut is placed around the missing mass peak from 4He .

4.4.2

pp

cylinder only; d eu tero n in cylinder or endcap

PID is used to detect two protons and a deuteron in the cylinder or endcap and a
missing mass cut is applied. There will be no pn contamination since the deuteron
is detected. The same cut is used when the deuteron is seen in the end cap. Fig.
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Figure 34: Reconstructed mass for 2H (solid line) compared to missing mass for
4He (dashed line).

(36) shows the missing mass distribution for the two protons when the deuteron
is detected. The main peak is clearly visible with a reaction loss tail.

4.4.3

pd

in cylinder only

Finally, the case of one proton and one deuteron detected in the cylinder region
is selected with a cut on the proton missing mass to reject any non-absorption
events. In Fig. (37) the missing mass, calculated from the detected deuteron and
proton is presented. A narrow peak around 940 MeV, the proton mass, can be
seen. The peak at 1150 Mev originates from single charge exchange events and is
easily separated from the main peak.
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Figure 35: Monte Carlo missing mass for 4He (dashed line) with recoiling proton
and neutron and reconstructed mass for 2H ( solid line).

4.5

Cross Section C alculation

4.5.1

D erivation

The cross section can be described as the total effective area of the target nuclei
seen by the incoming beam particles. The number of pions absorbed will be
proportional to the number of target nuclei times the beam intensity and the
effective area of the target nuclei,

n = t x bxa

(31)

where n is the number of observed events, b the number of beam particles, t
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Figure 36: Missing mass for 4He with detected deuteron reconstructed from the
two proton.

is the target thickness and a equals the effective area of the target for a given
process. The effective area is determined experimentally and contains the physics
of the underlying process and can be written as,

- n

h

(32)

A differential cross section is formed by taking the derivative of n, the number
of recorded events, with respect to some kinematic quantity. For example, the
angular distribution of the data would be;

da
1
dn
~d§ ~ t x b x l e
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Figure 37: Missing mass for 4He reconstructed from one proton and the deuteron.

The total cross section will then be the integral of this expression,

&=

r x f dn
t xxb6 J

(34)

where a is proportional to the total number of events measured. However,
there are regions of phase space uncovered by the detector, which will require a
correction factor.

a = -----^----- x f d n
txbxx
J
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(35)

T a rg e t
2H
4He

In te g ra te d B E A M
7.937E+08
5.796E+09

bl
0.99
0.99

b2
0.98
0.971

b3
0.69
0.84

b4
0.99
0.973

b5
0.98
0.977

Table 7: Beam normalization

4.5.2

A pplication to th e E xperim ent

Three variables are needed to calculate the total cross section. Each of these
three quantities are measured in the experiment but will need to be corrected to
be accurate.
The number of target centers, t , can be deduced from the recorded pressure
and tem perature of the gas. Since the pressure is 100 bar, virial coefficients [27] are
used to account for corrections to the ideal gas law. The cut on the target length
gives the number of scattering centers per square centimeter which is multiplied
by the area of the target cell to find the total number of scattering centers seen
by the beam.
The number of events n is what has been determined by the detector. The en
ergy, angle and particle types are measured, which allow the frequency of particle
types to be plotted against other variables such as scattering angle or momentum.
In this way, differential cross sections can be extracted. Each of these three quan
tities carry uncertainties, some of them are statistical in nature while others are
related to systematic effects which will be corrected.

4.6

N orm alization

4.6.1

B eam norm alization

The number of events measured by the detector has to be normalized to the
incoming beam. There are five different correction factors which have to be applied
to the integrated beam labelled b l through b5 and are listed in Table 7.
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Target
2H
4He

Temperature
312.65 K
303.85 K

B(m 3 K m o l-1)
14.08
11.79

C(m 6 K m ol-2)
335.5
121.0

Table 8: Virial coefficients used for this work

bl: The contamination from muons produced at the production target
b2: The fraction of beam outside the target due to the beam optics and multiple
scattering in the beam counter.
b3: Cut losses on the beam ADC and TDC contribute the largest correction.
A narrow cut on the beam ADC and TDC helps to eliminate muons from
pions decaying in the beam line.
b4: Correction for pions scattered off material located upstream of the target.
b5: The number of pions which decay between the beam counter and the target
are estimated by calculating the decay probability for the relativistic parti
cles and then deducing the average number of pions that would decay along
this path.

4.6.2

T arget Thickness

The number of scattering centers per mb is the second variable needed for the
normalization. Since this gas is at high pressure, the virial coefficients of Table 8
have to be used to calculate the density of the gas. The virial coefficients used in
this work are extrapolated from [27] for the temperatures of the target.
The virial coefficients correct for deviations from the ideal gas law at high
pressure,
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T arget
2H
“He

le n g th (c m )
20.4
20.4

T em p .(K )
309.05 K
303.85 K

P re ssu re (b ar)
74.4
98.2

th ick n ess (n u c /c m 2)
4.57E+22
6.83E+22

Table 9: Parameters of target gas

where V is the molar volume. The deviations are small, of the order of 5%,
but must be taken into account to accurately calculate the cross section. The
correction to the ideal gas law takes the form [27],

c m
V
V1
' '
where B ( T ) , and C ( T ) are the coefficients. In order to extract the density of
p v =
RT

m

the gas, one has to solve for the molar volume V ,

V \ ^ ) - V 2 - B (T)V - C(T) = 0

(38)

which is achieved through using Newton’s iterative [43] method. Once the
molar volume is known, then the target density and in turn the target thickness
can be calculated Table 9.

4.6.3

D ead T im e and P rescale factors

The data collected were prescaled to match the cross sections of the different
channels. As a result, events collected under different configurations such as two
charge zero neutrals or two charge one neutral, must be multiplied by their prescale
factors. In addition, the events collected have to be corrected for the dead time.
This dead time averages around 75% leading to a livetime of 25%. Table 10 gives
the prescale factors and their associated livetimes for the different triggers used.

4.6.4

W ire cham ber efficiency

The efficiency of the wire chambers is better than 95%. For each target and each
ETC the efficiency is calculated and used to correct the data. This is done by
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T arg et
2H

4He

T rigger
2c0n
2cln
3cxn
2c0n
2cln
3cxn

P resc ale fa c to r
1
1
1
8
4
1

livetim e
0.13
0.13
0.13
0.311
0.349
0.287

Table 10: Prescale factors and deadtimes

T a rg e t
2H
“He

W l( E T C l)
0.978
0.99

W 2 (E T C 2 )

W 3 (E T C 3 )

W 4 (E T C 4 )

-

-

-

0.995

0.99

0.99

Table 11: Wire Chamber Efficiency for each ETC

isolating a particular final state with the plastic scintillator and comparing this to
the number of hits recorded by the wire chambers. The wire chamber efficiency
for each target and ETC is listed in Table 11.
In the case of 2H the two proton final state is isolated by making a narrow
cut on the sumlight peak in the cylinder data. Likewise for 4He, cuts are placed
on the sumlight peak for each ETC. The efficiency of the wire chamber is then
determined by taking the ratio of the events which have wire chamber hits to the
total number of events which passed these cuts.

4.6.5

C u t losses

The most difficult task is to estimate the number of valid events which will fail
a cut on the data due to reaction losses and finite resolution. Charged particles
can undergo nuclear interactions in the scintillators which result in energy losses
without producing any light. For instance, neutrons may be knocked out in the
reaction and carry large amounts of energy out of the detector. The reaction
losses increase with the energy of the particles, which at this pion energy, can be
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T arg et
2H

4He

T rigger
2c0n
2cln
3cxn
2c0n
2cln
3cxn

ETCl
0.69
0.44
0.27
0.723
0.457
0.371

ETC2

ETC3

ETC4

na
na
0.546

na
na
0.509

0.62
0.62
na

Table 12: Cut losses for each ETC and trigger type

on the order of 10% to 20%. These reaction losses cause data to be outside of the
cut regions and are lost.
The cut losses are estimated by isolating the final state through the wire
chambers and the result is compared to the number of events which pass the
scintillator cuts.
Table 12 gives the fraction of events that survive the cuts for each trigger and
ETC.

4.6.6

F inal C alculation of th e D ifferential Cross Section

When the differential distribution is measured, dnjdd, the factor dn cannot be
determined exactly since it is an infinitesimal quantity. Instead An and A 8 are
measured in small amounts which approach the ideal differential quantity dn and

d6.
dcr Act
1 An
d0 * ~K§ = tVb~AB

.

^ ^

where An are the counts measured in bins of A d . For each ETC and trigger, a
A n j tk is recorded.
Aa
1 An
A d = tVbAd

• j= ETC index, (ETC1, ETC2...)
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( *

• k = trigger index (2c0n, ...)
• t=target thickness
• b=BEAM x b l x b2 x b3 x b4 x b5
• A n=Y', tpresfc
-—
■—
r
k x rItvekXcutj'kXwirej
• presfc=prescale factor for trigger
• /zuejt=livetime for trigger
• cutj,k =cut loss correction for ETC and trigger
• w i r e j = wire chamber efficiency
• A n j'k = number of counts for bin in 0 for trigger and ETC

4.6.7

E m p ty T arget S ubtraction

The wire chambers help isolate those events coming from the gas target, but
background events are still present. Data have been taken with the target cell
emptied and are analyzed the same way as the filled target. For this work, empty
target runs showed that background events make no contribution.

4.6.8

4.7

A cceptance C orrections

U ncertainties

There are two sources of errors in the final calculations. The first is of a statistical
nature and is determined by the number of events counted for each trigger. The
second stems from systematic errors from the measurement. All of the correction
factors presented above are estimates for the systematic errors and will themselves
have a statistical error. Once the uncertainties are determined for all variables,
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the errors are propagated through the calculations. Assuming that these variables
are statistically uncorrelated, the final error takes the following form;
2

(41)

4.7.1

Y ield

For a specific ETC and trigger, the quantity A n^k is recorded with an error which
is purely statistical. If A n^k was repeatedly measured, the variation in these
measurements would go to zero as the time interval of the measurements goes to
infinity.
In this case, the measurements follow the Poisson distribution [45], since for
any number of beam events, the probability of a count occurring in a bin of A 9
for a particular ETC and trigger will be very small, but finite. The uncertainty
of the Poisson distribution goes as the square root of the number of counts,

(42)

4.7.2

B eam norm alization

Each correction to the normalization factor BEAM has either a statistical or
systematic error associated with it. These errors are listed in table Table 13.
bl: For the muon contamination it is impossible to estimate the error. However,
since the contamination is only 1% this will not influence the final error in
any significant way.
b2: For the number of beam events inside the target, a statistical method is
used. The number of events inside coming from a region in front of the
target were divided by the number of those events outside the cut region.
The error for each region follows the Poisson distribution.
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T a rg e t
2H
4He

bl
0.0046
0.0046

b2
0.015
0.015

b3
0.01
0.01

b4
0.01
0.01

b5
0.01
0.01

Table 13: Absolute normalization error for Beam

T arget
2H
4He

le n g th (c m )
0.1
0.1

T em p.
1.1 K
0.92 K

P re s su re (b a r)
0.74
0.98

th ic k n e ss(n u c /c m 2)
4.5E+20
6.83E+20

Table 14: Absolute normalization error for target gas parameters

b3: The uncertainty on the number of beam events within the ADC and TDC
cuts on the beam counter is also determined by the Poisson distribution and
(43) applies as well.
b4: For the fraction of events that were scattered before the target the Possion
distribution will not be accurate. A conservative estimate based on the large
acceptance of the detector for events from this region gives an error of 1%.
b5: The number of pions having decayed before the cut region the uncertainty
is 1%.

4.7.3

Target T hickness

The target thickness is a function of three variables, the length given by the
software cut, the temperature and the pressure of the gas. The length of the
target is a function of how well the wire chambers can reconstruct back to the
target. The pressure and temperature are directly related to the equipment used
and the estimated errors are given in Table 14.
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T a rg e t
2H
4He

W l( E T C l)
0.01
0.01

W 2 (E T C 2 )
na
0.01

W 3 (E T C 3 )
na
0.01

W 4 (E T C 4 )
na
0.01

Table 15: Absolute wire chamber efficiency error for each ETC

T arg et
2H

4He

T rig g er
2c0n
2cln
3cxn
2c0n
2cln
3cxn

ETC1
0.4
0.0
0.0
0.04
0.04
0.04

ETC2
na
na
na
na
na
0.04

ETC3
na
na
na
na
na
0.04

ETC4
na
na
na
0.04
0.04
na

Table 16: Absolute cut loss errors for each ETC and trigger type

4.7.4

W ire cham ber efficiency

The errors for the wire chamber efficiencies are derived from a propagated statisti
cal error associated with the values used in the wire chamber efficiency calculation,
Table 15.

4.7.5

R eaction losses

The errors of the reaction loss corrections are again based on the statistical errors
associated with the determination of the corrections.

4.7.6

A cceptance C orrections

The error from the acceptance corrections are very hard to predict and will depend
on the Monte Carlo models used to fit the data. Part of the reason for LADS was
to increase the measured phase space so that uncertainties in the acceptance would
become negligible. At this energy, events in which the protons enter the endcaps
are rejected, due to the punch out problem. As a result, the angular acceptance
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of these events is reduced and makes calculations of total cross sections somewhat
model dependent.
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Chapter 5
R esults
The following results will be presented in two parts. In the first one, I will discuss
the 2H data and how it agrees with previously measured data. In the second
part, I will discuss the results for the process (7r+4He —►ppd ). In particular,
the processes that result in this final state will be discussed and the total cross
sections will be presented.

5.1

2H Cross Section

In Fig. (38) the differential cross section is shown as a function of the scattering
angle. The solid line shows the expected distribution from the Ritchie parame
terization. As can be seen, the agreement between the Ritchie distribution and
the data is excellent. There are three different ways the total cross section can be
extracted from these data. First, the distribution is integrated in the region where
it is non zero. In the regions below 35°and above 145°, there are holes visible.
This is in part due to the openings in the detector, but also to constraints placed
on the data. An estimate of how much is missing in these regions will help extract
the total cross section.
The Ritchie distribution is used in the Monte Carlo to estimate how many
events are lost due to acceptance effects. Hence, the known cross section is used
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Figure 38: d<r/d0 for 2H (n +,pp) compared with Ritchie distribution (Solid line).

to estimate the missing data. This is needed to determine if the integral of the
measured data is correct, but the total cross section is not being extracted in a
model independent way.
A second approach assumes that the distribution follows phase space in the
missing regions. Fig. (39), shows the Ritchie distribution together with the phase
space distribution. In the region around 90° the agreement is very poor, but in
the small and large angle regions it closely matches phase space.
The last method uses the forth order legendre fit to the data (Fig. (40)) with
the total cross section given by 2 -it • aoi where do is the lowest order parameter
in the calculation. The advantage of this is that there is no special knowledge
required of the missing regions.
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Figure 39: d a /d 6 for 2H (ir+,pp) for Phase space (solid line) and Ritchie distribu
tion (dashed line).

The results of the fits to the scattering angle distribution are compared to the
Ritchie parameters in Table 17 and reproduce the trend seen in the Ritchie fit.
The greatest variation occurs in the fourth order term which gives the smallest
contribution to the different cross section.
Table 18 gives the total cross sections from these three methods which all agree
within their errors. This excellent agreement is a check that the normalization
has been done correctly.
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Figure 40: Forth Order legendre fit to dcr/d9 for 2H (ir+,pp).

5.2

4H e Cross Section

The momentum distribution of the deuterons seem to indicate that the ppd, final
state is created by three different processes. As will be discussed in the following
sections, the first is the expected recoil process of the spectator deuterons when the

Legendre Parameter
ao
a

2

OiA
&&

Ritchie
0.6556
0.5415
-0.1577
-0.0472

This work
0.6623
0.5407
-0.2403
-0.08967

Table 17: Ritchie fit parameters compared with fit to data
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M eth o d
Ritchie Correction
Phase Correction
Legendre Fit
Ritchie’s Estimate

T o tal cross sectio n
4.28 mb
4.29 mb
4.16 mb
4.12 mb

E r ro r
0.5 mb
0.5 mb
0.2 mb
0.5 mb

Table 18: Table of fits to 2H data

pion undergoes QDA. The other two will be attributed to 1SI and FSI respectively.

5.2.1

D eu tero n M om entum

The momentum distribution of the deuteron (d<r/dp) is shown in Fig. (41). Its
main feature is the large peak around 150 MeV/c which is due to the recoiling
deuterons . A second, much broader distribution can be seen at 400 MeV/c, while
a broad-phase-space like distribution occurs at even higher momentum.
In order to better understand the processes involved, other variables are plotted
for different regions of this distribution.
In the plots presented in the following sections, four histograms are shown.
The first are the histogram of a variable for the whole range of the deuteron
momentum. The second will be for a cut from zero to 300 MeV/c, the third for a
cut from 300 to 585 MeV/c and the forth from 585 MeV/c to 1000 MeV/c. Fig.
(42) provides a key for the following histograms which follow.
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Figure 41: Deuteron momentum distribution for ppd final state.

5.2.2

D euteron sca tterin g angle

Fig. (43) shows the deuteron scattering angle distribution for the four momentum
regions. For region I, the scattering angle has a sin# distribution following phase
space. Region II has two easily identifiable peaks either side of 90 degrees. This
may indicate the presence of two separate distributions. Region III is strongly
forward peaked partly due to the conservation of momentum.
The information from the momentum and scattering angle distributions pro
vides limited information about the processes at work in the data. The Dalitz
and PsIM plots which follow will generate a deeper understanding of the data and
provide explanations for what causes the features that are seen.
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Full Momentum
Range

Region I
0 MeV/c to 300 MeV/c

Region II
300 MeV/c to 585 MeV/c

Region m
585 MeV/c to 1000 MeV/c

Figure 42: Key to plots with momentum cuts.

5.2.3

D alitz Plot

The Dalitz plot provides a way of comparing the energy distributions of all three
particles and is the Dalitz plot formed by a triangle in which vectors are drawn
perpendicular to each side of the triangle. The upper two sides of the triangle
represent the proton energies while the lower side represents the deuteron energy.
The length of a vector drawn from one side to the data point is proportional to
the energy of the particle. Fig. (44) gives a graphical interpretation of the Dalitz
plot.
Certain regions of the plot help to identify the mechanism. For instance, if
there has been QDA with a recoiling deuteron , the vector extending from the
deuteron side will be very short due to its low energy. The vectors from the two
proton sides are roughly the same length because they share the energy from the
absorbed pion. This leads to a clustering of points near the bottom center of the
plot.
Fig. (45) shows the Dalitz plot for the four cut regions.
Region I shows a strong clustering of events at the bottom center of the plot,

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4He(n,'1ppd)

u o.i6

0.12

CJ>0.14

u
^ 0.12
0.1

r

j l |l I l l
I'11!)!

0.08
0.06
0.04

- If'
i ,r

'
ll

\♦
1 N

0.02

0.02

100

t ..............

150

50

0 to 1000 MeV/c

1
100

150

0 to 300 MeV/c
0.0225

0.04

0.02

0.055

0.0175

0.03

0.015

0.025

0.0125
0.02

0.01

0.015

0.0075

0.01

0.005

0.005

0.0025

Si
100

150

50

100I

150

0 (d e g re e )

300 to 585 MeV/c

585 to 1000 MeV/c

Figure 43: Deuteron scattering angle for the four deuteron momentum regions.

which is the region for quasi-free two nucleon absorption.
Region II is more interesting, the region of recoiling deuterons can still be
clearly seen even though the deuteron momentum distribution is very small in
this area. Also, bands of events extend to the upper left and right hand sections
of the plot. These indicate the presence of one low energy proton together with an
energetic proton and deuteron . This is the signature for FSI, where the low energy
proton did not take part in the initial reaction and the high energy deuteron was
formed by one of the absorbing protons picking up the neutron.
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proton energy

proton energy

FSI

QDA

deuteron energy
Figure 44: Key to Dalitz plot.

In Region III the FSI signature is even more prominent. Two clusters appear
in the low energy proton region of the plot. This suggests that the three regions
in the momentum distribution are formed by three processes. Region I can be
described by spectator deuterons . Region II is a combination of FSI and a process
that exhibits QDA behavior but with deuterons above their nuclear momentum
distribution. Region III seems to be totally dominated by the FSI mechanism.
If the momentum distribution were to extend higher than predicted, region
II would still be dominated by two nucleon absorption. However, the scattering
angle of these deuterons would be distributed roughly like those in cut region I of
Fig. 43. But the scattering angle of the deuterons in cut region II does not peak
at 90 degrees but instead has two peaks, one at forward and one at backward
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Figure 45: Dalitz plot for the four cut regions.

angles. This rules out the possibility of a simple enhancement of the deuteron
momentum but does not fully explain the features seen in region II.

5.2.4

Pseudo Invariant Mass

The Pseudo Invariant Mass (PsIM) [39] is an additional tool to determine the
particles involved in the absorption. If the absorbing particles can be tagged,
their momentum and scattering angle distributions can be extracted from the
data. The PsIM will be used in trying to identify which processes lead to the
particular distributions seen in region II.
The PsIM calculation returns the square of the mass of the particle absorbed
if the non-absorbing particles have no binding energy or momentum distributions.
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These conditions neglect binding energies, but even with realistic binding energies
and momentum distributions, the PsIM produces a significant signature in the
data for those particles that absorb the pion. The PsIM is based on conservation
of energy and momentum,

P2 - E2- M 2

(43)

E2- P 2 = M 2

(44)

or

Assuming the pion is absorbed by a system of particles at rest with no binding
energy, then the total momentum is given by,
(4 5 )
n

and,

E„ = Y , T n

(46)

n

where Pn and Tn are the momenta and kinetic energies of the particles after the
absorption. From this it follows that,
( £ r „ ) M £ £ ) 2 = Mj
n

(47)

n

for all particles in the system. The above relation holds only for those particles
that share the energy and momentum of the pion, after the absorption has taken
place, meaning that ISI will not interfere with this relationship. If one of the
absorbingparticles undergoes an FSI reaction, then all particles that participated
in

the FSI process must be included in the above formula sincethey now also

share the energy and momentum of the absorbing particles.
Momentum distributions and binding energies affect the results by shifting the
value of M 2 to more negative values. However, a peak still occurs near the square
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of the pion mass. If the PsIM is calculated for a set of particles which excludes any
of the absorbing particles, then the value calculated is shifted to a large negative
value.
Fig. (46) shows the PsIM extracted from the two protons. Region I shows a
large peak around zero, strongly indicating that the two protons are responsible
for absorbing the pion. Region II still has a strong peak at zero, showing that
QDA continues to be strong in a region where the deuteron spectator momentum
is expected to be small. In region III, the peak around zero has almost disappeared
indicating that QDA is no longer important.
Fig. (47) shows the PsIM calculated for the deuteron proton pair. Since only
one pair can be responsible for the absorption, the pair with the largest PsIM is
plotted. In region I, there is a strong peak that drops off at zero. In this case,
they were not part of the absorption. Regions II and III show a peak around zero
with the peak more pronounced in region III. The deuteron is carrying some of
the momentum and energy of the absorbing particles and this indicates the FSI
pickup reaction that was also seen the Dalitz plots for this region.
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Figure 46: PsIM for the proton pair for the four cut region.
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5.3

P sIM for Each R egion

In the next three sections the PsIM variable will be examined in more detail
for each of the three cut regions. This will provide more evidence for the three
distributions already mentioned, QDA, ISI and FSI.

5.3.1

R egion I

In region I, the deuteron momentum goes from zero to 300 MeV/c. This is the
area where QDA is expected to dominate the cross section. Fig. (48) shows a two
dimensional contour plot of the deuteron momentum plotted against the PsIM
mass for the proton pair. For low momentum, the data are clustered around M 2,
which is a strong indication for QDA. However at higher momentum, around 200
to 300 MeV/c, a band of data spreads out towards negative values, away from the
QDA region.
Fig. (49), shows the PsIM for the proton pair for ten slices of the deuteron
momentum. Once again, for low momentum, the events are centered around M j.
However, at 150 MeV/c, a second bump is beginning to form around -2000 xlO2.
These are events in which the deuteron momentum is carrying away some of the
absorbing particles momenta an indication of FSI.
Fig. (50) displays the deuteron scattering angle against the PsIM for the
proton pair. A narrow band of events is seen to be centered on the square of
the pion mass. A closer examination of Fig. (51), which shows the PsIM in 20
degree bins, shows that the cross section has a maximum from 60 to 80 degrees.
Kinematically, the recoiling deuterons would have a distribution peaking around
90 degrees. This forward peaking in the distribution is an indication for pion
deuteron scattering, which is forward peaked.
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Region I, Deuteron m om entum vs. PslM(p.p)
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Figure 48: Deuteron momentum distribution vs. PsIM (proton pair).
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Region I, PslM(p,p) fo r deuteron m om entum (0 M eV/c to 3 0 0 M e V /c )
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Figure 49: PsIM (proton pair) in 10 bands of the deuteron momentum.
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Region I, PslM(p,p) for deuteron scattering angle (0° to 180°)
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Figure 51: PsIM (proton pair) in 9 bins of deuteron scattering angle
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5.3.2

Region II

A closer examination of the data in region II will help to disentangle the mech
anisms at work. Fig. (52) shows the deuteron momentum plotted against the
PsIM for the proton pair. Two distinct bands appear, one corresponding to pion
absorption by the proton pair and the other due to the FSI mechanism, which
strongly diverges away from zero. This is a continuation of the band seen in region
I which started to appear around 150 MeV/c.
Fig. (53) is the PsIM for the proton pair in 28 MeV/c wide bins of the deuteron
momentum. Two peaks are present from the two bands that appear in the twodimensional plot. Both peaks have approximately the same height indicating that
both processes have equal strength in this region.
Fig.

(54) shows the PsIM for the pd pair in 10 bands of the momentum

distribution. A peak near zero is seen to form around 400 MeV/c and strengthen
at higher momentum. This indicates the presence of pickup deuterons from FSI
since one of the protons could be ignored in the PsIM calculation.
A peak is seen to form around zero with a broader distribution forming to the
left. This broader distribution is from the absorbing protons, but again, they do
not as cleanly separate out in this case.
If the PsIM is an indicator of which pair was involved in the absorption, then
a plot of deuteron scattering angles against the PsIM may reveal which process
is responsible for either of the two peaks in the deuteron distribution in this cut
region. Fig. (55) shows this plot for the PsIM formed by the the proton pair.
There is a clear concentration of points in the forward scattering angles, around
60 degrees. The distribution becomes more dispersed and moves below zero for
backward angles.
Fig. (56) shows the PsIM for the proton pair in 20 degree bins of the deuteron
scattering angle. A strong peak forms near zero in the region from 0 to 80 degrees.
From around 90 degrees and above the PsIM is clearly below zero. This shows
that the forward peak of the deuteron scattering angle in region II is formed by
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QDA. However, these cannot simply be recoiling deuterons since they would be
more evenly distributed, peaking around 90 degrees. The strong forward peaking
is characteristic of ir -d scattering and an indication for ISI. The pion scatters off
a deuteron cluster and then is absorbed by the remaining p n pair.
Fig. (57) shows the PsIM, for the proton deuteron pair, in 20 degree bins
of the deuteron scattering angle. A peak begins to form around zero at forward
angles with this peak becoming stronger at backward angles. This agrees with
the interpretation of Fig. (55) that the ISI deuterons are forward peaked and the
FSI deuterons are backward peaked.
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Regin II, Deuteron momentum vs. PslM(p.p)
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Region II, PslM(p,p), Deuteron m om entum (3 0 0 M eV /c - 585 M e V /c )
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Figure 53: PsIM (proton pair) in 10 bands of the deuteron momentum.
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Region II, PslM(p.d) for deuteron m om entum (3 0 0 M eV /c to 5 8 5 M e V /c )
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Figure 54: PsIM (proton deuteron ) for 10 bands of the deuteron momentum
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Region II, deuteron scattering angle vs. PslM(p.p)
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Figure 55: Deuteron scattering angle vs. PsIM (proton pair)
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Region II, PslM(p.p) for deuteron scattering angle (0° to 180°)
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Figure 56: PsIM (proton pair) for 9 bins of the deuteron scattering angle
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Region II, PslM(p,d) for deuteron scattering angle (0° to 180°)
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Figure 57: PsIM (proton deuteron) in 9 bins of the deuteron scattering angle.
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5.3.3

Region III

Fig. (58) shows the region III PsIM for the pd pair for 10 bands of deuteron
momentum. A strong peak persists at the square of the M% up to a momentum
of 1000 MeV/c. The Dalitz plot in this region shows that one of the two protons
had very low energy. The strong PsIM band here indicates that a p d pair alone
carries away the momenta and energy of the absorbing particles leaving a proton
as a spectator.
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Region III, PslM(p.d) deuteron momentum (585 MeV/c to 1000 MeV/c)
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5.3.4

C onclusion from distributions

It seems that three separate processes are responsible for the ppd final state. The
first, simple QDA with a recoiling deuteron clearly dominates in the low momen
tum region below 200 MeV/c. ISI is seen from the deuterons in the momentum
region from 300 MeV/c to 600 MeV/c. These deuterons are strongly forward
peaked in their scattering angle. Pickup deuterons from FSI are seen to occur
from 300 MeV/c to 1000 MeV/c. All three of these processes are modeled with
the Monte Carlo and are compared with the data.

5.4

M onte Carlo Fits

Four different Monte Carlo distributions were generated and compared with the
data. These are the QDA model, and three distributions from the INC code. The
first INC calculation is the ISI model based on the pion scattering off a deuteron
before it is absorbed.
The second INC calculation models processes where one of the participating
protons picks up a neutron directly following absorption. The third calculation
is a combination of the first and second having ISI and FSI incorporated. The
deuteron is formed through a pickup process but the 7T-N interaction makes the
whole process look more like phase space. Since it is difficult to deconvolute these
processes, the ratio of the two pickup distributions is predicted from the INC.
These will be plotted separately in the figures to come, but were fitted, to the
data in a single distribution.
The fits to the data were done for the momentum and scattering angle distri
butions. The INC, within its limitations, reproduces the trends seen in the data
to a fairly good extent.
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5.4.1

D eu tero n M om entum

Fig. (59) displays the deuteron momentum distribution with the Monte Carlo
distribution overlayed as a black square. The Monte Carlo matches the lower
region well but its midrange peak forms at a higher momentum, around 575 MeV/c
than the actual data, where the bump appears at 450 MeV/c.
Fig.

(60) shows just the Monte Carlo distribution together with the four

different Monte Carlo models. At 150 MeV/c a sharp peak can be seen, coming
from the recoiling deuterons. There is a second broad peak (empty square) with
a maximum around 200 MeV/c and has a tail extending to high momenta. The
INC predicts a large contribution to the cross section in the area of the QDA. The
two pickup distributions, circles and crosses, clearly are responsible for the bump
in the upper region of the deuteron momentum. The circles are from the simple
pickup process following QDA. The peak in the distribution of the circles gives
the Monte Carlo distribution its bump in the region of 575 MeV/c.

5.4.2

D euteron S catterin g Angle

Fig. (61) shows the deuteron scattering angles compared with the Monte Carlo
predictions for the different regions in momentum. The Monte Carlo is quite suc
cessful in reproducing the two peaks seen in region II. The Monte Carlo scattering
angle distribution in region III is clearly a bad fit.
In Fig. (62) the Monte Carlo distribution, with the different contributions,
is presented. In region I, there are two distributions which make a significant
contribution. A slightly backward peaked distribution formed by the simple QDA
generator and a stronger forward peaked distribution from the ISI model. In
a naive picture, backward moving deuterons imply that the pn pair, which is
responsible for the absorption is forward moving. In this way, the CM energy of
the pion and the pn pair is reduced, bringing the kinematics closer to the resonance
and therefore favoring this process.
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4He(7t+,ppd) Deuteron Momentum
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Figure 59: Deuteron momentum distribution for data(error bars) and Monte
Carlo(black boxes).

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4He(7T+,ppd) Monte Carlo Deuteron Momentum
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Figure 60: Monte Carlo deuteron distribution with its four contributions.
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Region II is dominated by the ISI and pickup distributions. The ISI scattering
angle is strongly forward peaked, as was seen in the data, while the pickup distri
bution is backward peaked. This confirms the conclusion from the data that ISI
and FSI were responsible in forming the two peaks seen in the region II scattering
angle.
The region III fit is poor for the scattering angle. The distributions seen
in Fig. (62)(III) show that the two INC pickup processes dominate at this large
momentum, but clearly the INC fails to properly match the d ata in this region. Its
pickup distributions would need to be more forward peaked at large momentum.
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4He(n*,ppd) Deuteron Scattering Angle
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Figure 61: Deuteron scattering angle data compared with Monte Carlo (full line).
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4He(7v\ppd) Monte Carlo Deuteron Scattering Angle
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Figure 62: Monte Carlo deuteron scattering angle with the separate models plot
ted.
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5.4.3

P seudo Invariant Mass

In this last section, the PsIM variables are compared to the INC prediction. Fig.
(63) shows the PsIM for proton pair prediction from the data, compared to the
Monte Carlo. One can see the agreement is quite well between the recoil and ISI
distributions and under the main peak around zero. This again reflects the fact
that the PsIM is independent of ISI. Fig. (64)
Fig. (65) shows the PsIM for the proton deuteron pair from the data compared
with the Monte Carlo. In this case, the agreement between the two is less satisfac
tory than in the case of pp. Even though the Monte Carlo puts the main peak at
the position seen in the data, the simulation clearly over predicts an enhancement
at zero.
In a closer examination of the different contributions to the simulation, one
can see that the pickup distributions are responsible for this enhancement Fig.
(66). This is a clear indication for the fact that the naive QDA picture followed
by pickup is not an adequate description of the underlying physics.
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4He(7T,',ppd) PslM(p.p)
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Figure 63: PsIM (proton pair) (error bars) for the full momentum region compared
to Monte Carlo(black boxes).
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4He(7v\ppd) Monte Carlo PslM(p,p)
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Figure 64: Monte Carlo PsIM (proton pair) with the separated models plotted.
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4He(n+lppd) PslM(p,d)
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Figure 65: PsIM (deuteron proton) (error bars) for the full momentum region
compared to Monte Carlo (black boxes.
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4He(7T+,ppd) Monte Carlo PslM(p,d)
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Figure 66: Monte Carlo PsIM (proton deuteron) with the separate models plotted.
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C ross S ection
Integrated area
Recoil area
ISI area
Pick up 2 collision area
Pick up 3 collision area
ppd cross section

M ea su rem en t
8.45 mb
3.59 mb
3.62 mb
0.82 mb
0.42 mb
12.3mb

M o n te C arlo c o rre ctio n
1.56
1.33
1.59
1.47
-

T otal
-

E rro r
0.2 mb

5.6 mb
4.8 mb
1.3 mb
0.62 mb
-

1.0 mb

Table 19: Table of fits to 4He data

5.5

R esu lts

As a first step to evaluate the integrated cross section for the ppd final state, the
experimental data are integrated over the whole deuteron momentum range. This
gives a total cross section of 8.45 mb. The error, which contains both statistical
and systematic uncertainties, is ± .2 mb.
In order to calculate a cross section which is corrected for the finite solid
angle of the detector, one has to rely on models to extrapolate to the unmeasured
regions of phase space. This is done within the framework of the Intra Nuclear
Cascade(INC) and the Quasi Deuteron Absorption models, employing deuteron
wave function calculations based on a variational technique. Using these models
as input to the Monte Carlo simulation of the detector one can calculate the
momentum distribution. This distribution is normalized in such a way that the
area of the calculated one is the same as the distribution obtained from the data in
the measured region. Based on this technique, the cross sections for the different
processes are extracted and are found to be 3.59 mb for the recoil, 3.62 mb for
the ISI, and 1.26 mb for the pickup process, respectively.
To get an estimate of the correction needed to extrapolate over the unmea
sured regions of phase space, the ratio was formed of the distribution given by
the models over the one generated from the Monte Carlo using the same model
distribution. These correction factors are listed in Table 19. Based on this ex
trapolation the total cross section for the ppd final state, corrected for the limited
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acceptance, is calculated. This cross section is 12.3 mb ± 1 mb. This error con
tains in addition to systematic and statistical variations, also an estimate for the
uncertainty introduced by the models.
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C hapter 6
Conclusions
The spectrum of the deuteron recoil momentum from the 4H e (r + ,p p d ) reaction
exhibits a strong peak around 150 MeV/c, together with a bump in the region
around 575 Mev/c and a tail extending up to 1000 MeV/c. In order to identify
possible mechanisms leading to this distribution, different models were used. The
peak at 150 MeV/ c can be partly explained within the model of quasi free deuteron
absorption, where two nucleons are involved in the process and the other two
are considered to be spectators, recoiling after the interaction with their nuclear
momentum. However in order to explain the shape of the data in the region
between 200 and 1000 MeV/c additional processes have to be assumed. This was
done using the Intra Nuclear Cascade model. In this framework, three different
channels can be identified; an initial state interaction, where the pion first scatters
off a nucleon and then is absorbed and the struck nucleon picks up the remaining
nucleon to form a deuteron. The other two channels are final state interactions,
where the nucleons involved in the absorption pick up a spectator nucleon to form
the deuteron. In general, the agreement between the combined models and the
data is fairly good in most regions of the data. However the INC model predicts the
bump in the intermediate momentum region at a position 100 MeV/c higher than
in the data and fails to predict the PsIM distribution for the case of a proton and
deuteron observed. This is not surprising, since the INC is a calculation based on
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two body interactions, and cannot predict more complicated processes like three
body absorption or off shell effects. In order to get a better understanding of the
physics involved, more sophisticated calculations are desperately needed.
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